Morphology and electrical response of hydrogenated acrylonitrile butadiene rubber (HNBR) and its multiwall carbon nanotube (MWCNT) reinforced nanocomposites were studied by means of x-ray diffraction and broadband dielectric spectroscopy.
in environmental influences such as ultraviolet light and ozone attack [8] . To overcome this unremunerative performance, chemists hydrogenate NBR targeting to lower the double bond content. The resulting compound, known as hydrogenated acrylonitrile butadiene rubber (HNBR), was commercially introduced in the 1980's as a material suitable for permanent exposure to temperatures ranging from -25 to 150 o C [2] . HNBR addresses advanced requirements of the automotive industry because of its excellent heat and oil resistance properties combined with superior mechanical performance [1] .
HNBR is extensively used in applications such as power transmission belts, timing belts, sevro-hydraulic hoses, torsion vibration dampers, mounts and seals [1] .
HNBR is a polar elastomer wherein its acrylonitrile content may vary [1, 8] . The presence of polar nitrile side groups minimizes the interactions with other non-polar chemicals, providing one of the most outstanding features of HNBR, its resistance to non-polar media like oils and fuels. Additionally both mechanical strength and wear resistance of HNBR are enhanced with increasing nitrile concentration.
The temperature range, where an elastomer can be considered as operational, is a crucial factor for choosing the suitable rubber for a specific application. Typically rubbers are used above their glass to rubber transition temperature (Tg). Thus, the lower limit of this operational temperature range is determined by the polymer's glass transition temperature.
Single or multiwall carbon nanotubes (CNTs), when dispersed in a polymer matrix, alter the mechanical and electrical performance of the system [9, 10] .
In a previous study it has been reported that HNBR/MWCNT nanocomposites further improve, the mechanical properties of HNBR vulcanizates, in tandem with their wear performance [3] . The electrically conductive character of the MWCNTs affects the overall electrical behavior of the nanocomposites, namely their dielectric permittivity and conductivity. The latter offers an additional advantage in applications with moving or rotating parts fabricated with HNBR [11] .
Moving or rotating insulating parts progressively accumulate on their surface electrostatic charges, which easily lead to undesirable sparks, causing unexpected and early component's failure. The presence of a conductive leakage current drain could provide a possible solution to the problem. Embedding MWCNTs within HNBR is beneficial to the sample's mechanical performance and at the same time, forms conductive paths inside the composites system, through which leakage current could flow. Furthermore, the presence of conductive inclusions in an insulating medium Commercially available peroxide curable HNBR (Therban LT VP/KA 8882 of Lanxess, Leverkusen, Germany) was used for the preparation of the tested specimens.
The acrylonitrile content of HNBR was 21%, with Mooney viscosity ML (1+4) 100 o C = 74. The composition of the HNBR mix is indicated in Table 1 . The curing time of this base mix to reach 90% crosslinking was about 10 min at T = 175 o C. In order to prepare the composite systems, 10 and 20 parts per hundred rubber (phr) per weight MWCNT (Baytubes C150 P from Bayer MaterialScience, Leverkusen, Germany) were added to peroxide curable HNBR. MWCNT filled HNBR mixtures were cured at 175 o C for 15 min. Details upon the preparation method can be found elsewhere [3, 16] .
Materials characterization
The morphology of the prepared systems was examined by means of SEM at different magnification levels. SEM pictures were taken from cyrofactured surface after Au/Pd alloy sputtering using a JEOL JSM-6380LA (Tokyo -Japan) device. The crystallinity of the specimens was deduced from XRD spectra taken with an upgraded in automations Philips PW 1050/25 goniometer and a CuKα broad focus X ray tube (λ= 1.5418 Å). X-ray tube was operated at 40KV x 30 mA from a Philips PW 11300/00/60 extra stabilized generator. Scanning step was set to 0.1 deg and all diffractograms have been taken in the range from 10 to 60 degrees. Thermal transitions were studied by means of differential scanning calorimeter (DSC) by employing a TA Q200 device operating at a scan rate of 10°C/min. Samples from each system were placed in an aluminum crucible while an empty one was serving as parallel-plate capacitor, with two gold-plated electrodes system, supplied also by Novocontrol. Cell was electrically shielded in nitrogen gas atmosphere. The whole experimental setup is fully automated, control and data acquisition were conducted simultaneously via suitable software.
Results
Varying crystallinity of HNBR with acrylonitrile content has been reported previously [1, 8, 18] . The DSC thermographs of all examined materials are depicted in Table 2 , exhibit a trend to increase with MWCNT content. Besides this transition no other thermal event seems to be present. Thus, at first approximation, DSC traces do not provide support for the existence of HNBR's crystallinity.
The dielectric response of the unfilled HNBR is shown in Figure 4 . Figure 4a presents the dependence of the real part of dielectric permittivity (ε) upon frequency and temperature. Permittivity attains high values at low frequencies and high temperatures.
At this frequency and temperature region permanent and induced dipoles pose sufficient time and energy to align themselves parallel to the applied field approaching maximum polarization of the system. However, the significant high values of (ε) at the lower edge of frequency range and higher edge of temperature range indicate the presence of electrode polarization.
Step-like transitions from high to low values of (), at and low temperature edge is assigned to motions of small parts of the main polymer chain (-mode). It is attributed to "crankshaft" motions of the (CH2)n units of the HNBR's backbone. The same process has been found to be present in the spectra of other rubbers as well [6, 7, 24] .
The dielectric response of the HNBR+10phr MWCNT nanocomposite is depicted in 
Discussion
Glass transition temperature and crystallinity of HNBR have been found to vary with the acrylonitrile content, although DSC curves do not always, markedly, reveal the existence of crystalline regions [1, 8] . In our case acrylonitrile content was constant at 21%. Melting of crystalline regions is detected as endothermic processes in DSC curves via the formation of peaks or humps at temperatures higher than glass to rubber transition temperature (Tg) and below 100 o C [1, 8] . Rubbers with high acrylonitrile level exhibit two melting peaks and their crystallinity is attributed to alternating acrylonitrileethylene sequences [1] . At lower acrylonitrile content, as in our case, crystallization of longer methylene sequences occurs along the HNBR polymer backbone. The latter becomes evident via the formation of endothermic humps or shoulders right afterwards the glass to rubber transition zone [1, 18] . Observing the DSC traces in Figure 3 , one can distinguish the presence of such humps in all studied systems. Under this point of view, thermographs provide secondary support to XRD results.
In this study dielectric data have been analyzed by means of dielectric permittivity and electric modulus formalism. Electric modulus is defined as the inverse quantity of complex dielectric permittivity, via Equation (1):
where ε΄, M are the real and ε΄΄, M the imaginary parts of dielectric permittivity and electric modulus, respectively. Electric modulus formalism has been proved very efficient for analyzing dielectric data of polymer matrix nanocomposites [6, 7, 26, 27] . Increasing the conductive phase content in a binary system with insulating matrix, alters the overall conductivity of the composite and at a critical concentration, known as percolation threshold, a dramatic increase of conductivity occurs [21, 28, 29] . At concentrations close to the critical one, charges are able to migrate at larger distances within the composite because of the formation of conductive paths. Charges accumulated at the system's interfaces are now able to migrate contributing to the increase of conductivity and at the same diminish or even eliminate IP process [29] . On the other hand, the absence of even a small loss peak related to the glass to rubber transition is peculiar. It might be resulted from the reduction of the amorphous areas, which are now constrained between extensive rigid crystalline regions. Their relaxation is thus hindered, and the dynamics of the process is delayed. The broad peak in Figure   6b , a peak is formed in all studied systems. This peak is related to the glass to rubber transition of the amorphous regions, and it corresponds to the systems' Tg. Accordingly peak shifts to higher temperatures with increasing frequency. Glass transition temperatures as determined via DSC, or resulted from the loss peak position in the dielectric spectra, lie within the range mentioned previously.
Relaxation dynamics or peak loss shift rate with temperature for the HNBR and HNBR + 10phr MWCNT systems is presented in Figure 9 . The temperature dependence of loss peak position for β-and -relaxations follows an Arrhenius type behavior and can be described via Equation (2):
where EA is the activation energy of the process, f0 pre-exponential factor, kB the Boltzmann constant and T the absolute temperature.
On the other hand, peak shift rate for -relaxation is not constant and is described via the Vogel-Fulcher-Tamann (VFT) equation, which is expressed by Equation (3):
where f0 is a pre-exponential factor, A a constant being the measure of activation energy, T0 the Vogel temperature or ideal glass transition temperature, and T the absolute temperature. According to VFT equation, relaxation rate increases rapidly at lower temperatures because of the reduction of free volume. Calculated values of activation energy via fitting experimental data for β-and -relaxations via Equation (2), as well as fitting parameters for -relaxation determined by employing Equation (3), are listed in Table 2 .
The absence of clearly formed peaks in the case of the HNBR + 20phr MWCNT nanocomposite prohibits the evaluation of the relaxation dynamics parameters in this system. Moreover, the limited number of peak points for the IP relaxation, located at the low frequency and high temperature edge, resulted in low reliability fittings, and thus are omitted from Figure 9a ,b. Determined values of activation energy via Equation (2) of β-and -processes as well as fitting parameters of Equation (3) for -process are also listed in Table 2 . Polar side groups' rearrangement seems to be restricted from crystalline regions, since the activation energy of this process appears elevated (~2 eV) and tends to increase further with crystallinity level. On the other hand activation energy for -relaxation remains low and decreases with crystallinity.
Conclusions
Morphology, thermal response, dielectric properties and electrical conductivity of 
